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Schwann cells (SCs) in the peripheral nerves myelinate axons during postnatal development to allow saltatory conduction ot nerve 
impulses. Well-organized structures of myelin sheathes are maintained throughout life unless nerves are insulted. After peripheral 
nerve injury unidentified signals from injured nerves drive SC dedifferentiation into an immature state. Dedifferentiated SCs 
participate in axonal regeneration by producing neurotrophic factors and removing degenerating nerve debris. In this review, we 
focus on the role of mitogen activated protein kinase family proteins (MAP kinases) in SC dedifferentiation. In addition, we will 
highlight neuregulin 1 and the transcription factor c-jun as upstream and downstream signals for MAP kinases in SC responses to 
nerve injury. 
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INTRODUCTION TO SCHWANN CELL DEDIFFERENTIATION 
AND PLASTICITY 

The peripheral nerves consist of sensory nerves that transmit 
somatic and visceral afferent information to the brain via the 
spinal cord and motor nerves that convey efferent outputs of the 
brain to effector organs such as skeletal muscles and glands. The 
nerve conduction velocities (NCV) of mammalian peripheral 
nerves range from 10 m/s to 150 m/s, depending on the type of 
information being transmitted. Mechanistically, two important 
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factors determine the velocity of nerve conduction, axonal 
diameter and the presence of myeUn sheath [1]. For example, 
the NCV of large myelinated nerves controlling skeletal muscle 
contraction or transmitting proprioceptive sensory information 
is far faster than that of unmyelinated or small myelinated nerves 
that transmit pain signals [1]. Peripheral nerve myelination is 
achieved by the plasma membrane of Schwann cells (SCs), the 
sole glial cells of peripheral nerves, wrapping around axons during 
perinatal and early postnatal development. In fact, the myelin 
sheath is a notable outcome of the differentiation of SCs [2-4]. 
Once the myelin sheath is formed and matured postnatally, the 
integrity of the myelin sheath is maintained throughout life unless 
the nerve is physically or chemically damaged. For sustaining the 
structure and function of the myelin sheath during adulthood, SCs 
need to express continuously high levels of myelin proteins such 
as myelin protein zero (MPZ) and myelin basic protein (MBP) in 
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adulthood [5]. 

When exposed to harmful situations such as nerve injury, SCs 
stop expressing myelin genes and begin to actively degrade and 
remove their myelin sheath [6] . Unidentified signals from damaged 
axons or physicochemical insults to the myelin sheath induce 
these SC responses [6]. The demyelinating action of SCs following 
nerve damage is accompanied by cellular dedifferentiation, which 
generally refers to a process by which fully differentiated cells 
revert to an immature phenotype [4, 6, 7]. In dedifferentiated 
states, SCs express proteins such as p75 neurotrophin receptor 
(p75), glial fibrillary acidic protein and neuronal cell adhesion 
molecule, which are found in immature SCs but not in adult 
myelinating SCs [6, 8] . In addition, dedifferentiated SCs proliferate 
in response to nerve injury [9-11]. Although these are features 
of immature SCs, dedifferentiated SCs exhibit several unique 
features that are not observed in immature SCs. For example, 
dedifferentiated SCs express macrophage-2 antigens [12] and 
produce enormous amounts of lysosomes, which correlate with 
the increased phagocytic activity of SCs [13-15[. Dedifferentiated 
SCs also produce a large number of cytokines that regulate 
chemotaxis and infiltration of blood monocytes into lesion sites 
[16-18[. Furthermore, these injury- induced SC responses include 
the induction of several growth factors for axonal regeneration 
and neuronal survival [19, 2()[. Therefore, the overall responses of 
SCs following nerve injury represent a sophisticated SC plasticity 
that cannot simply be described as dedifferentiation (Fig. 1). 



Given the critical role of these plastic changes in SCs in myelin 
removal and axonal regeneration after nerve injury, studies on 
the molecular mechanisms on SC plasticity will shed light on 
the mechanisms of nerve repair and aid in the development of 
therapeutic strategies for axonal regeneration. As dedifferentiated 
SCs exhibit shutdown of myelin gene expression, induction of 
immature SC markers, activation of myelin degrading systems, 
cellular proliferation and expression of neurotrophic factors, SC 
plasticity must be regulated by complex molecular mechanisms. 
A growing body of recent researches has shown that mitogen 
activated protein kinase family proteins (MAP kinases) are 
important regulators for SC plastic changes. Interestingly, 
extracellular signal regulated kinase (ERK), c-jun N-terminal 
kinase (INK) and p38 MAP kinase are all activated in SCs 
following nerve injury and play a specific or overlapping role 
in SC dedifferentiation [21-25[. In this review, we focus on the 
role of these three MAP kinases in SC plasticity. In addition, our 
discussion will be centered on neureguHn 1 (NRGl) and the 
transcription factor c-jun as upstream and downstream signals for 
MAP kinases in SC plasticity. 

THE RAF/ERK PATHWAY IN SCHWANN CELL PLASTICITY 

The potential role of the Raf-ERK pathway in SC dediffe- 
rentiation was first reported by Harrisingh et al. [25[. To determine 
the role of the Raf-ERK pathway, the researchers employed SCs 




Fig. 1. Plastic changes of SCs follo- 
wing nerve injury. The figure depicts 
multiple aspects of SC plasticity 
following a physical damage 
to nerves. SC dedifferentiation 
refers to phenotype changes of 
mature SCs into an immature 
state. However, dedifferentiated 
SCs in injured nerves exhibit seve- 
ral unique features that are not 
observed in immature SCs, those 
are secretion of neurotrophic fac- 
tors and cytokines and activation 
of lysosomal demyelination sys- 
tem. Expression of neurotrophic 
factors is essential for the survival 
of injured neurons and axonal 
regeneration, whereas cytokine 
expression is implicated in the 
chemotactic infiltration of mono- 
cytes into a lesion site. 
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overexpressing Raf kinase. In cultured SCs, increased intracellular 
cAMP levels induced the differentiation of SCs, as demonstrated by 
the expression of several myelin genes including krox20, MPZ and 
MBP [26]. Conversely over-expression of Raf kinase suppressed 
cAMP- induced SC differentiation [25]. A recent study reported 
the effect of overexpression of tamoxifen-inducible Raf kinase in 
SCs in vivo [27]. The forced activation of the Raf-ERK pathway 
in SCs for 3 days by tamoxifen treatment of these genetically 
modified mice led SCs to express several dedifferentiation 
markers, such as p75, and to downregulate myelin gene expression, 
even in the absence of nerve injury. Importantly, longer treatment 
with tamoxifen induced demyelination with infiltration of 
macrophages and SC mitosis in uninjured naive nerves [27]. In 
consistency with the importance of the Raf-ERK pathway in SC 
dedifferentiation, high levels of ERK activation in injured nerves 
are maintained for a long time in vivo 121, 25], and the inhibition 
of the ERK pathway with specific inhibitors suppressed SC mitosis, 
cytokine expression and demyelination [27]. On the other hand, 
the inhibition of the ERK pathway did not significantly prevent 
the induction of p75, a marker of SC dedifferentiation, and the 
shutdown of myelin gene expression [27]. Therefore, it seems that 
the Raf-ERK pathway participates in SC plasticity in a selective 
manner This idea has been supported by Shin et al. who revealed 
that the inhibition of the ERK pathway suppressed the expression 



of cell cycle proteins and cytokines but did not affect the induction 
of SC dedifferentiation markers including p75 and neurotrophic 
factors such as glia cell-derived neurotrophic factor (GDNF) [28] 
(Fig. 2). Therefore, these findings support the idea that different 
aspects of SC plasticity are controlled by multiple independent 
mechanisms. In line with this hypothesis, SC mitosis is known to 
be independently regulated by SC dedifferentiation in cultured 
SCs ]29]. 

Previously, Parkinson et al proposed a hypothesis called 
the 'reciprocal c-jun/krox20 regulation' hypothesis of SC 
dedifferentiation, that is, c-jun induction suppresses krox20 
expression, whereas krox20 overexpression antagonizes 
c-jun expression in cultured SCs ]23, 30]. The essential role of 
c-jun induction in SC plasticity was demonstrated by delayed 
demyelination in SC-specific conditional c-jun knockout mice 
following nerve injury ]23]. Because AP-1 proteins such as c-jun 
are important mediators of ERK-induced cell proliferation 
and cytokine expression in a variety of cells ]31-35], c-jun 
expression may be an underlying mechanism of ERK-induced SC 
dedifferentiation. In a SC-dorsal root ganglion (DRG) neuron co- 
culture model, demyelination and dedifferentiation of myelinating 
SC can be triggered by NRGl treatment ]25, 36]. Inhibition of the 
ERK pathway suppressed both demyelination and c-jun expression 
induced by NRGl in co-culture ]37]. In contrast to these findings. 



GDNF, UF 




Ccl2 



Fig. 2. MAP kinase signaling in SC 
plasticity. NRGl-ErbB2 signaling 
regulates SC plasticity via c-jun 
expression which is mediated by 
INK and p38 kinase pathways, 
c-jun increases the expression of 
GDNF and LIP but suppresses 
the crucial transcription factor 
for myelination, Krox20, thereby 
inducing SC dedifferentiation. The 
Raf-ERK pathway is involved in the 
expression of cell cycle proteins and 
chemotactic factors such as Ccl2. 
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in cultured primary SC and explant cultures, the induction of 
c-jun was prevented by JNK inhibition but not by ERK inhibition 
[28, 29]. It should also be noted that injury-induced SC mitosis 
and cytokine expression (ERK-dependent processes) were not 
suppressed in SC-specific c-jun conditional knock mice [ 19] . Tlius, 
the role of the ERK pathway in injury-incfuced c-jun expression 
in vivo has not yet been determined. ERK could affect cell 
proliferation by regulating cell cycle regulating proteins through 
Forkhead fox [38, 39] and ETS domain-containing protein- 1 
[40, 41]. Further studies on the regulation of these proteins in 
SCs would provide important insights into ERK-mediated SC 
plasticity. 

THE RAC/JNK PATHWAY AND C-JUN IN SCHWANN CELL 
PLASTICITY 

JNK plays diverse roles in cultured SC, including regulating 
mitosis and migration ]29, 42] . However, the role of JNK in SC 
plasticity in injured nerves was first proposed by Parkinson et al. 
who showed that the forceful activation of a protein upstream of 
JNK, MAP kinase kinase (MKK) 7, induces c-jun expression and 
concurrently downregulates myelin gene expression in cultured 
SCs ]23]. JNK-mediated induction of c-jun has recently been 
demonstrated in dedifferentiating SCs deprived of cAMP ]29]. 
In consistency with this finding, it was reported that JNK but not 
ERK is upstream of c-jun using sciatic nerve explant cultures, 
an ex vivo model of SC dedifferentiation ]28]. In addition, they 
showed MKK7 activation in the injured nerves, further suggesting 
a role of the MKK7-JNK-cjun pathway in SC dedifferentiation in 
vivo (Fig. 2). 

It has been recently reported that the induction of neurotrophic 
factors such as GDNF in dedifferentiated SCs is essential for 
neuronal survival and peripheral nerve regeneration 120]. The 
Jessen and Mirsky group referred to this critical function of SCs 
in axonal regeneration as "SC transdifferentiation into a repair 
cell " ]19]. This SC change appears to be principally driven by 
c-jun because SCs lacking c-jun failed to induce the expression 
of neurotrophic factors including GDNF, artemin and brain 
derived neurotrophic factor, thereby resulting in neuronal cell 
death in DRGs following nerve injury ]20]. Therefore, the MKK7- 
JNK-c-jun pathway in SCs might regulate axonal regeneration 
by providing a favorable milieu for neuronal survival and axonal 
regrowth. The role of the Raf-ERK pathway in changing SCs into 
repair cells (and in axonal regeneration) has not been extensively 
examined, but such a role seems unlikely because inhibition of 
the ERK pathway did not significantly reduce the induction of 
neurotrophic factors such as GDNF in SCs in an explant culture 



model ]28]. 

Small RhoGTPases regulate many signaling pathways, including 
MAP kinases, in a variety of cells ]43]. Previously, the Rac-JNK 
pathway has been implicated in SC transformation into tumor 
cells ]44]. Jung et al. recently reported that Rac, but not cdc42, was 
activated in SCs of injured nerves 145], ancJ it has been revealed 
that Rac contributed to both demyelination and c-jun induction 
128, 45, 46]. Furthermore, microarray experiments showed that 
many Rac-dependent genes overlapped with c-jun-dependent 
genes in dedifferentiated SCs ] 19, 28] . For example, injury-induced 
induction of p75 and neurotrophic factors such as GDNF in SCs 
was dependent on Rac and c-jun, suggesting a role for the Rac-c- 
jun pathway in the control of SC plasticity (Fig. 2). Interestingly, 
Rac was not found to be upstream of the ERK pathway, and 
consistent with this finding, most ERK-dependent genes in 
dedifferentiating SCs were not dependent on Rac 128]. These data 
indicate differential regulation and distinct roles of the Rac-c-jun 
and Raf-ERK pathways in SC plasticity (Fig. 2). 

P38 MAP KINASE IN SCHWANN CELL DEDIFFERENTIATION 

P38 MAP kinase was rapidly activated in the distal part of 
injured nerves, and the inhibition of p38 MAP kinase suppressed 
the induction of several genes, including the cytokine leukemia 
inhibitory factor (LIE), in nerve explants 124, 47]. Interestingly, 
LIE expressed by SCs is known to play a role in regenerative 
axon growth of injured DRG neurons 148]. Therefore, p38 MAP 
kinase may be involved in the transformation of SCs into repair 
cells through c-jun induction. It has recently been reported that 
the inhibition of p38 MAP kinase suppressed injury- induced 
sciatic nerve demyelination in a co-culture model and in vivo 
[49]. Furthermore, the transfection of active MKK6, an upstream 
of p38 MAP kinase, into SCs prevented cAMP-induced SC 
differentiation and induced c-jun expression 149]. These findings 
suggest that there may be cross-talk between the p38 MAP kinase 
and Rac-JNK pathways associated with c-jun induction in SC 
plasticity (Fig. 2). 

NRG MAY BE AN UPSTREAM OF MAP KINASE ACTIVATION 
IN SCHWANN CELL PLASTICITY 

Given the ability of three MAP kinases to regulate SC plasticity 
independently or cooperatively, factors upstream of these MAP 
kinases might initiate SC responses to nerve injury. The glial 
growth factor NRG 1, which is expressed at the axonal surface, 
is critical for SC precursor generation and myelination during 
peripheral nerve development ]!, 2, 50]. Paradoxically, there is 
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increasing evidence tliat NRGl participates in SC responses 
to nerve injury during adulthood [36, 51]. Consistent with the 
demyelinating function of NRGl in a SC-DRG co-culture model, 
activation of ErbB2, the receptor for NRGl, occurs within a 
minute of nerve injury in SCs. In addition, inhibition of ErbB2 
with specific inhibitors suppressed demyelination in vivo and in 
ex vivo sciatic nerve explant cultures [28, 52]. Thus, it is likely that 
the different roles of NRGl in SC physiology are related to the 
state of SC differentiation. 

In SC-DRG co-cultures, NRGl induces the activation of three 
MAP kinases and c-jun expression, and the inhibition of each 
MAP kinase prevented NRGl-induced demyeUnation [25, 49]. 
However, Shin et al recently suggested that NRG 1 -ErbB2 signaling 
is specific to the Rac-JNK pathway in dedifferentiating SCs [28]. 
They found significant reduction in the activation of the Rac-c- 
jun pathway, but not ERK activation, when they inhibited ErbB2 
using a specific inhibitor in nerve explant cultures, indicating that 
NRG 1 contributes to SCs changes into repair cells through the 
activation of the Rac-JNK pathway (Fig. 2). In agreement with this, 
mice lacking axonal NRG 1 showed a delayed axonal regeneration 
following crush injury [53] but injury-induced SC proliferation 
was not altered in ErbB2 null mice ]54]. In addition, exogenous 
NRGl clearly promoted regeneration following nerve injury ]55]. 
The mechanism by which NRGl enhanced the repair of injured 
nerves may be related to its actions on SC plasticity. 

On the other hand, multiple other factors may participate in 
MAP kinase activation in injured nerves. Calcium entry into 
SCs or lipid metabolites generated during demyelination could 
trigger MAP kinase activation ]56-58]. In particular, phosphatidic 
acids, which are known to activate MAP kinases in a variety 
of experimental conditions ]59], could induce demyeHnation 
through ERK activation 160] . The importance of phosphatidic 
acids in c-jun induction and SC plasticity following nerve injury 
remains to be determined. 

CONCLUSIONS AND FUTURE PERSPECTIVES 

In this review, we described the role of MAP kinase activation in 
SC responses to nerve injury, and associated signaling mechanisms. 
The molecular mechanisms of SC plasticity provide important 
mechanistic insights into peripheral neuropathies as well as 
peripheral nerve regeneration. Many demyelinating neuropathies 
are associated with SC dedifferentiation [6, 61], and the NRG- 
ERK pathway has been suggested to be involved in Leprotic 
demyelination [62] . Further studies are required to determine how 
each MAP kinase contributes to the diverse phenotypic changes in 
SCs following nerve injury and in neuropathies. 
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